Background: Sympathetic reinnervation after heart transplantation (HTX) is a known phenomenon, which has an impact on patient heart rate variability and exercise capacity. The impact of reinnervation on myocardial structure has not been evaluated yet. Propose: To evaluate the feasibility of simultaneous imaging of cardiac reinnervation and cardiac structure using a hybrid PET/MRI system. Study type: Prospective / pilot study. Subjects: Ten patients, 4-21 years after cardiac transplantation. Field Strength/Sequence: 3 T hybrid PET/MRI system. Cine SSFP, T 1 mapping (modified Look-Locker inversion recovery sequence) pre/postcontrast as well as dynamic [ 11 C]meta-hydroxyephedrine ([ 11 C]mHED) PET. Assessment: All MRI and PET parameters were evaluated by experienced readers using dedicated postprocessing software packages for cardiac MRI and PET. For all parameters a 16-segment model for the left ventricle was applied. Statistical Tests: Mann-Whitney U-test; Spearman correlations. Results: Thirty-six of 160 myocardial segments showed evidence of reinnervation by PET. On a segment-based analysis, mean native T 1 relaxation times were nonsignificantly altered in segments with evidence of reinnervation (1305 AE 151 msec vs. 1270 AE 112 msec; P = 0.1), whereas mean extracellular volume (ECV) was significantly higher in segments with evidence of reinnervation (35.8 AE 11% vs. 30.9 AE 7%; P = 0.019). There were no significant differences in wall motion (WM) and wall thickening (WT) between segments with or without reinnervation (mean WM: 7.6 AE 4 mm vs. group B: 9.3 AE 7 mm [P = 0.13]; WT: 79 AE 63% vs. 94 AE 74% [P = 0.27]) under resting conditions. Data Conclusion: The assessment of cardiac reinnervation using a hybrid PET/MRI system is feasible. Segments with evidence of reinnervation by PET showed nonsignificantly higher T 1 relaxation times and a significantly higher ECV, suggesting a higher percentage of diffuse fibrosis in these segments, without impairment of rest WM and WT. Level of Evidence: 3 Technical Efficacy: Stage 3 J. MAGN. RESON. IMAGING 2019;50:1326-1335 C ARDIAC TRANSPLANT is a lifesaving procedure in patients with endstage heart disease. Due to the surgical procedure, which includes aortic cross-clamping, the graft becomes denervated from the autonomous nervous system by the time of the procedure. However, improved heart rate variability and imaging of the nerve metabolism by positron emission View this article online at wileyonlinelibrary.com.
tomography (PET) suggest that sympathetic reinnervation starts to reappear shortly after cardiac transplant. 1 Further, potential reinnervation of the allograft has been described to be beneficial for myocardial metabolism, blood flow, and exercise capacity. 2, 3 PET, using [ 11 C]meta-hydroxyephedrine ([ 11 C] mHED) to delineate the sympathetic nerve metabolism has been proven to depict allograft reinnervation over time and its effect on ventricular function under exercise conditions. 2 Magnetic resonance imaging (MRI) is a well-established imaging technique and is increasingly used to follow up cardiac transplant patients to noninvasively evaluate cardiac function and myocardial tissue composition. 4, 5 In particular, the differentiation of ischemic or nonischemic patterns of late gadolinium enhancement (LGE) can help to differentiate scars from cardiac allograft vasculopathy (CAV) or fibrotic remnants from prior rejection episodes. 6 With the introduction of T 1 mapping techniques using modified Look-Locker inversion recovery (MOLLI) sequences, the evaluation and quantification of diffuse cardiac diseases also became possible. 7 In this setting an elevation of the native T 1 values represents changes in the myocardial composition, mainly fibrosis, amyloid deposition, or inflammation. On the other hand, a reduction of the T 1 value represents myocardial fat depositions (eg, Fabry's disease). 8 Postcontrast T 1 maps enable the quantification of extracellular volume (ECV), mainly representing diffuse fibrosis solely, a biomarker for outcome in various cardiac diseases. 9 Hybrid PET/MRI is a fairly new technology that combines standalone PET and MRI. Preliminary studies, mainly obtained with [ 18 F]fluorodeoxyglucose ([ 18 F]FDG) PET/MRI have shown mostly synergistic data in evaluating pathologies like acute myocardial ischemia. 10 The aim of this pilot study, therefore, was to evaluate the feasibility of image cardiac reinnervation with hybrid PET/MRI and to obtain insights into the myocardial composition and function of reinnervated and denervated myocardial segments using modern cardiovascular magnetic resonance (CMR) techniques.
Materials and Methods
Fully-automated synthesis of [ 11 C]mHED was performed with a commercially available synthesizer, GE TRACERlab FX C Pro (Milwaukee, WI). [ 11 C]mHED was formulated exclusively with a 0.9% saline solution. The GMP-grade precursor metaraminol was purchased from ABX (Radeberg, Germany). Quality control was in accordance with the European Pharmacopoeia, including the parameters radiochemical, chemical purity, pH, osmolality, radionuclidic purity, residual solvents, as well as sterility and endotoxins.
Patients
Ten consecutive patients (nine male, one female) with a history of cardiac transplantation at least 3 years prior to the examination were included between May 2017 and April 2018. Exclusion criteria were claustrophobia, history of a pacemaker or ICD implantation into the graft, abandoned pacemaker leads from old pacemaker systems, and severe renal insufficiency (defined as estimated glomerular filtration rate < 30 ml/min). The study was approved by the local Institutional Review Board / Ethics Committee of the Medical University of Vienna, Austria. All patients gave written, informed consent prior to study inclusion.
Patient characteristics (time to transplant, history of cardiac allograft vasculopathy, prior allograft rejection periods) were derived from patient records.
Patient Preparation and PET/MRI Examination
Patients were allowed to eat until 4 hours prior to the examination, but were asked to abstain from caffeine intake for 36 hours prior to PET/MRI. None of the patients received medication that would interfere with the presynaptic sympathetic nervous system (eg, antidepressants, clonidine), or beta or alpha blockade.
Imaging Protocol
All PET/MRI examinations were acquired on a simultaneous PET/MRI system (Biograph mMR; Siemens Healthcare, Erlangen, Germany). The technical details have been reported elsewhere. 11 Patients were positioned head-first, supine. An electrocardiogram (ECG) device was used for cardiac triggering. PET tracer and contrast agent were injected through a venous cannula.
MRI
MRI included balanced steady-state free precession (bSSFP) imaging in two-, three-, and four-chamber views, and left ventricular (LV) outflow tract and short axis for the evaluation of cardiac function. T 1 -mapping, using a MOLLI prototype sequence pre-and postcontrast (Sampling Pattern 5(3)3/4(1)3(1)2; with motion correction) was used to determine the ECV on three short-axis slices located within the LV at the basal, mid-cavity, and apical positions. 8 LGE imaging was performed in shortaxis, two-, three-, and four-chamber views 10-15 minutes after the injection of 0.15 ml gadobutrol (0.1 mmol/ml) per kg bodyweight (Gadovist, Bayer, Berlin, Germany) using phase sensitive inversion recovery (PSIR) sequences.
PET
During MRI, mean 480 AE 103 MBq [ 11 C]HED was administered intravenously. A 40-minute PET acquisition was performed in listmode with ECG triggering. The imaging protocol is shown in Fig. 1 .
Image Postprocessing
MRI. For MRI postprocessing, commercially available software was used (MR Suite, Medis; Leiden, Netherlands). LV and right ventricular (RV) volumes and function, as well as wall motion (WM) in mm and wall thickening (WT) in percent were derived from the end-diastolic and end-systolic phase using short-axis cine bSSFP images. Postischemic or diffuse scar was determined from the LGE images. A positive LGE was defined as a signal increase above the fifth standard deviation derived from remote myocardium. 12 Manual correction was performed to correct for artifacts. Scarring/fibrosis was calculated as the total amount of LV scarring in ml and percentage of LV mass. The ECV was calculated according to a standard formula from pre-and postcontrast T 1 maps. 8 All parameters were analyzed using a 16-segment myocardial model. Postprocessing of T 1 mapping is shown in Fig. 2 . Images were read in concert by two experienced readers (A.W. and D.B.) with 5 and respectively 12 years of experience in cardiac MRI.
PET. Attenuation-corrected images were reconstructed in a 256 × 256 matrix. The dedicated Munich heart software was used for volumetric sampling and analysis of the spatial tracer retention in the ventricle. 13 [ 11 C]mHED retention was quantified from dynamic images using a retention index (tissue activity from 30 to 40 min divided by the integral of the [ 11 C]mHED activity input function; %/min). 14 Myocardium with a [ 11 C] mHED retention index below 7%/min was defined as denervated, as described elsewhere. 15, 16 Thus, the extent of LV reinnervation was quantified by the percentage of the polar map with a retention index above 7%/min. For regional analysis, a 16-segment model similar to the MRI postprocessing was used and the mean retention index was calculated for each segment.
Statistical Analyses
All statistical analyses were performed using SPSS (SPSS Mac, v. 20.0; Chicago, IL). Continuous data were expressed as mean AE standard deviation (SD) and discrete data as frequencies and percentages. Further graphical correlations were obtained. Due to the small sample size, a Mann-Whitney U-test was performed for group comparisons. For detailed analysis, myocardial segments were grouped according to the presence or absence of reinnervation on PET (defined by a cutoff index of 7% as described above). Further, segment-based Spearman correlations of [ 11 C]mHED uptake with years posttransplant, functional and morphologic parameters were obtained. P < 0.05 was considered statistically significant.
Results

Patient and Imaging Study Characteristics
Patient characteristics are listed in Table 1 . Reasons for transplant were dilated cardiomyopathy (n = 6), ischemic cardiomyopathy (n = 2), arrhythmogenic right ventricular cardiomyopathy (n = 1), and congenital heart disease (n = 1). Two patients had a history of prior rejection, and one patient suffered from posttransplant lymphoma at the time of the study. Cardiac allograft vasculopathy was evident in one patient, resulting in a nonrecent myocardial infarction in the lateral wall. All patients were free of cardiac symptoms at the time of PET/MRI.
PET/MRI could be completed in nine patients; one patient interrupted the scan after the contrast application due to increasing back pain; therefore, the postcontrast T 1 mapping and LGE images were not available in this patient. In two other patients, the apical short-axis slices of postcontrast T 1 mapping were not usable due to blooming artifacts that arose from sternal cerclages.
LV Function and Structure by MRI
Mean heart rate during the MRI was 79 AE 18.5 bpm (68-130). Mean LV ejection fraction (EF) assessed by MRI was 65 AE 18% (13-81%). One patient showed an atrial flutter at the time of PET/MRI, resulting in a likely inaccurate low EF of 13% when assessed by MRI. Left ventricular volumes were within the normal range ( Table 1 ). Mean LV end-diastolic mass was 139.7 AE 26.1 g (130-176 g); LV WM was 9 AE 6 mm (0-20 mm); mean WT was 90 AE 71% (-27 to 380%).
One patient showed an old, postischemic scar within the territory of the left circumflex artery due an occlusion based on known cardiac allograft vasculopathy. These segments (n = 3) were excluded from the T 1 and ECV analysis. All other patients were negative on LGE images. Overall, mean LV T 1 relaxation times were 1274 AE 116 msec (823-1934 msec), resulting in a mean LV ECV of 32 AE 8 . Throughout the whole cohort the mean ECV showed a moderate correlation with years after transplant (k = 0.647; P = 0.001).
Reinnervation by PET
Using the 16-segment model, an overall total of 160 segments were evaluated by PET. Applying a cutoff index of 7% [ 11 C] mHED retention, 36 segments were classified as reinnervated, whereas 124 segments showed no reinnervation. Two patients showed a complete absence of reinnervation over the whole LV. In the rest of the cohort, the mean number of reinnervated segments was 4.5 (range, 1-9). Reinnervation was most commonly demonstrated as starting in the region of the anterior wall and spreading to the apex (Fig. 3) . A descriptive group comparison between patients with and without reinnervation is given in Table 1 . Both patients without evidence for reinnervation suffered from diabetes mellitus.
Segment-Based Reinnervation Analysis by PET/MRI
To evaluate the influence of reinnervation on myocardial function and structure, segments were divided in two groups according to the criteria described above for reinnervation. The functional parameters of WM and WT did not show any significant difference between the groups (WM: mean 8 AE 4 mm in segments with reinnervation vs. 9 AE 7 in segments without evidence of reinnervation [P = 0.13]; mean WT: 79 AE 63% in segments with reinnervation vs. 94 AE 74% in segments without evidence of reinnervation [P = 0.27]).
Differences in myocardial composition were observed. Native T 1 relaxation times (msec) were slightly higher within the reinnervated segments (mean 1305 AE 151 msec) when compared with the nonreinnervated segments (mean 1270 AE 112 msec; P = 0.1). The ECV derived from native T 1 and postcontrast T 1 mapping showed significantly higher ECV values within segments with evidence of reinnervation than in segments without reinnervation (36 AE 11% vs. 31 AE 7%; P = 0.019) ( Table 2 , Figs. 4-5 ).
Correlation of [ 11 C]mHED With Years Posttransplant, Functional and Morphologic Parameters
On a segment-based correlation of mean [ 11 C]mHED and years posttransplant, there was a slight increase of [ 11 C]mHED retention over time (k = 0.381, P = 0.311). Correlation of mean [ 11 C]mHED retention with morphologic (T 1 , ECV) parameters showed a slight increase of mean T 1 with increased mean [ 11 C] mHED retention (k = 0.1, P = 0.053) and an increase of mean ECV with increased mean [ 11 C]mHED retention (k = 0.298, P = 0.001).
Discussion
The main findings of this study are: 1) Imaging of sympathetic cardiac reinnervation using a hybrid PET/MRI system is feasible and can be combined with a multiparametric MRI protocol for advanced tissue characterization by T 1 mapping and LGE. 2) Within this small study cohort, we could show that the imaging characteristics of reinnervated segments might differ from nonreinnervated segments, which suggests that reinnervation might have an influence on tissue composition. 3) Despite differences in myocardial composition, there was no impact of reinnervation on rest LV function, WM, or WT, even when assessed on the segmental level. Hybrid cardiac PET/MRI is a relatively novel imaging technique that provides the opportunity to obtain deep insights into myocardial composition; however, its clinical value has yet to be evaluated. 17 To date, most PET/MRI studies using [ 18 F]FDG have focused on myocardial infarction or on the assessment of inflammation in the case of cardiac sarcoidosis. 18, 19 Nonetheless, LGE by MRI and missing or elevated [ 18 F]FDG uptake often represent the same pathophysiological imaging targets, such as myocardial infarction or necrosis in the case of myocarditis. This might change when quantitative imaging by MRI and/or more specific tracers in PET are used. 20, 21 Sympathetic cardiac reinnervation is a known phenomenon after cardiac transplant, which becomes assessable by orthostatic stress 5 months after transplant based on assessment of heart rate variability. 22 Further, studies have shown that possible reinnervation seems to increase over time (as shown by [ 123 I]meta-iodobenzylguanidine ([ 123 I]MIBG) uptake in scintigraphy). For the process of reinnervation, sympathetic nerve fibers need to be connected to nerve terminals inside the transplanted heart. 23 However, sympathetic reinnervation does not occur in every patient and is not only time-dependent. 24 Two patients in our cohort showed no evidence of reinnervation (4 and 6 years after cardiac transplant). Factors that promote reinnervation include young donor age, young recipient age, and nonischemic cardiomyopathy as a reason for transplant. However, any form of allograft fibrosis or scar, as well as diabetes, have been described as unfavorable conditions for sympathetic reinnervation. 24, 25 Both of the patients without evidence of reinnervation had a history of type II diabetes that may have hindered reinnervation.
It has been shown by various studies that the presence of sympathetic reinnervation is of benefit for the patient in terms of resting heart rate and heart rate response to exercise. 26 When assessed by PET, reinnervation is often depicted in the anterior wall, including the anterior parts of the septum and anterolateral parts of the lateral wall. In our study, cohort reinnervation was most commonly found in the anterior wall. 15 Imaging LV reinnervation by [ 11 C]mHED PET is a well-established and standardized imaging procedure. Using a cutoff of 7%/min [ 11 C]mHED retention within a myocardial segment is an accepted threshold to screen for reinnervation after cardiac transplant, and has been commonly used in various PET studies. 2, 15 It has also been shown by PET studies that reinnervation is beneficial for local blood flow via the release of norepinephrine from the reconnected sympathetic nerve terminals. 3 After cardiac transplant, the allograft is exposed to multiple factors that promote the development of myocardial remodeling and fibrosis. 27 Whereas, in the early phase, reperfusion damage and rejection episodes alter the myocardial structure, cardiac allograft vasculopathy that results in ischemia further contributes to tissue remodeling of the allograft in the late phase. 28 Histological studies have shown that the degree of interstitial fibrosis in cardiac transplant patients increases during the years after transplant. 29 Gramley et al showed that, within a 10-year follow-up, the mean percentage of LV fibrosis increases from 12 up to 29%. 28 The authors proposed that, in addition to former rejection episodes, hypoxia and small vessel disease, mainly based on allograft vasculopathy, may play an essential role in this process. A correlation between years after transplant and an increase in ECV was also evident in our study cohort.
Assessment and quantification of diffuse myocardial fibrosis has become a main focus of MRI within the last decade. Using MOLLI sequences, it has become possible to quantify the extracellular volume and to differentiate between intra-and extracellular pathologies. The technology is currently undergoing histological verification in various cardiac diseases, such as amyloidosis and myocarditis. 30 T 1 mapping techniques have also been applied in the pediatric and adult transplant population. 5, 31 The degree of the ECV obtained by MRI has also already been correlated with the collagen volume fraction in endomyocardial biopsy. In a study of pediatric transplant recipients, Ide et al showed a moderate correlation between septal T 1 relaxation times and septal ECV by MRI and fibrosis markers in endomyocardial biopsy. 5 The mean ECV values obtained by that study (30%) were quite similar to our study cohort; however, the authors did not use a 16-segment model. 5 When compared with a normal cohort, Coelho-Filho et al also showed that ECV as a marker of tissue remodeling was increased in normal transplant recipients and even higher in those with rejection periods in the posttransplant history. 4 An increase in ECV was also evident in this small cohort of long-term transplant survivors.
In our study, using mapping techniques and a 16-segment myocardial model, segments with evidence of reinnervation by PET, mainly located on the anterior wall, showed nonsignificantly higher T 1 relaxation times and significantly higher ECV when compared with segments without evidence of reinnervation. The fact that only ECV values were significantly different is probably based on that fact that the native T 1 signal including, besides the myocardium itself, blood flow, water, and fibrosis, whereas ECV is representing the extracellular space more exclusively, and therefore is more sensitive for fibrosis. 32 In a study by Ellims et al, ECV and not native T 1 was well correlated with ventricular stiffness in a transplant cohort. 33 In addition, we could show, within this small cohort, that there is a weak correlation between overall [ 11 C]mHED retention (regardless of the 7% cutoff defining a segment as reinnervated) and native T 1 times, as well as the percentage of ECV by MRI. This suggests a link between the processes of reinnervation and tissue composition. The underlying potential mechanism for these findings remains unclear, but may be based on vascular pathologies implicating ischemia and fibrosis. Most of the literature on PET proposes an increased myocardial blood flow in patients with reinnervation, which suggests a protective mechanism of increased myocardial blood, thereby avoiding ischemia and the induction of fibrosis. 3 Nonetheless, this has not been assessed on a segmental level as in our study, until now. Kushwaha et al evaluated myocardial perfusion in cardiac transplant patients at different timepoints after transplant. 34 The authors showed that myocardial blood flow and its response to vasodilatation changed over the time, resulting in a decreased myocardial blood flow at rest and a decreased response to adenosine in patients more than 3 years after cardiac transplant. 34 An immune-mediated mechanism that could have caused endothelial dysfunction was proposed by the authors, but fibrosis, such as that in our cohort, may also play a role. Parallel monitoring of cardiac reinnervation was missing in that study; therefore, the potential link between cardiac reinnervation and a change in blood flow remains unclear. In a recent publication, Vermes et al applied a 16-segment model to patients after cardiac transplant when looking at acute rejection. 35 The study reported the basal segments to be more affected by edema and ECV elevation in patients with acute rejection. Therefore, fibrotic changes from prior rejection periods might also have affected basal ECV values in our study, as both patients with known rejection periods showed signs of reinnervation in PET. However, we observed a more accentuated increase in ECV over the basal anterior segments. Other technical issues may arise from MRI. Measuring the ECV on MRI in the short axis located at the base and apex of the LV is not the standard procedure recommended in the guidelines, but this has already been validated in healthy subjects. 8, 36 Higher native T 1 relaxation times over the anterior wall in our cohort might also have been caused by an increased blood flow based on reinnervation, as shown by Reiter et al, who compared intraindividual end-systolic and end-diastolic T 1 relaxation times. 37 However, this would not explain an increased ECV after contrast application. Accordingly, the mechanism of the increased ECV in our population remains unclear and the link between reinnervation and potential induction myocardial fibrosis is still missing.
Our study has several limitations. First, the study is a proof-of-concept, pilot study that included a very small cohort of only 10 patients. Statistical significance was not reached on multiple parameters, and therefore the analyses might also be influenced by type II error. Patients included in the study had a long range of posttransplant years from 4-21 years and included patients with evidence of CAV and former rejection periods. Therefore, multiple factors influenced the tissue composition and reinnervation (eg, donor age, aortic clamp time, cold ischemic time). 38 In addition, the intrasubject variability, a topic of recent publications in transplant patients, was also not taken into account in our work due to the small sample size. 35, 36 Furthermore, WM and WT were evaluated only under resting conditions and assessment of myocardial inflammation by T 2 mapping was not performed in our study.
In conclusion, our preliminary data show that imaging cardiac reinnervation after cardiac transplant using a hybrid PET/MRI system is feasible. On a segmental level, cardiac reinnervation might have an influence on tissue composition, with higher ECV values within segments that showed evidence of reinnervation on PET. There was also a correlation between [ 11 C]mHED uptake and elevated ECV throughout all segments. Further studies with appropriate sample sizes and more homogeneous patient cohorts need to be conducted to verify these preliminary data. In addition to evaluating cardiac transplants, hybrid cardiac PET/MRI using [ 11 C]mHED and T 1 mapping techniques might also be a useful tool in other cardiac diseases, such as dilative cardiomyopathy or inflammatory diseases in order to link denervation and diffuse fibrosis.
